Normal piglets weaned onto soy-or egg-based diets generated antibody responses to fed protein. Concurrent infection with transmissible gastroenteritis virus (TGEV) did not affect the responses to dietary antigens at weaning, nor did it affect the subsequent development of tolerance. However, TGEV infection did enhance the primary immunoglobulin M (IgM) and IgG1, but not IgG2, antibody responses to injected soy in comparison to those of uninfected animals. Paradoxically, TGEV-infected animals showed an enhanced primary IgG1 antibody response to injected soy at 4 weeks of age, but they subsequently showed a reduced secondary response after an intraperitoneal challenge at 9 weeks of age in comparison to uninfected animals. The results suggest that an enteric virus, either used as a vaccine vector or present as a subclinical infection, may not have significant effects on the development of dietary allergies but may have effects both on the primary response and on the subsequent recall response to systemic antigens to which the animal is exposed concurrently with virus antigens.
In all individuals, small quantities of dietary proteins are absorbed intact across the intestinal mucosa (17, 29) . Under normal circumstances, these absorbed proteins trigger immunological tolerance (so-called oral tolerance) rather than active immune responses (7, 8) . The inappropriate induction of active immune responses to dietary antigens has been associated with food allergy, intolerance, and intestinal inflammation (4) . The incidence of such allergic diseases appears to be increasing in the human infant population (5, 9, 28, 30) . Several hypotheses have been proposed to account for the development of allergy in some individuals and for this increasing incidence. One possibility is that a viral infection occurring concomitantly with the induction phase of an immune response to a novel dietary antigen may result in the generation of a persistent allergy as a "bystander" effect (14, 24) . In addition, viral infections have been implicated in the onset of other inappropriate responses, such as autoimmunity (19) . Alternatively, there is increasing evidence that early life exposure to commensal and pathogenic organisms may protect humans against subsequent allergic disease (11, 21, 27) .
The possibility that infections with enteric viruses may have long-term effects on other immune responses will also have implications for the future use of virus vectors for the mucosal delivery of vaccine antigens (10, 18, 22, 26) . A coronavirus, transmissible gastroenteritis virus (TGEV), which targets the gut epithelium and would therefore be ideally suited to introduce antigens to this site, has been proposed as a vector for mucosal immunization in the pig and as a model for coronavirus vectors in other species (20, 23) . It is therefore important to investigate the effect of a virus such as TGEV on immune responses to bystander antigens.
In previous studies, members of our laboratory demonstrated the reliable induction of primary immune responses to soy in piglets weaned onto soy protein at 3 weeks of age (3) . Despite this strong primary response, these piglets subsequently generated systemic tolerance to soy antigens (2). This system, therefore, provides a model by which the effect of viral infections on primary responses to dietary antigens and subsequent tolerance can be studied. In this work, we compared primary and secondary responses to dietary (tolerogenic) and injected (priming) antigens with and without concomitant exposure to TGEV infection at the point of weaning or injection.
MATERIALS AND METHODS

Animals and diet.
All piglets used for this study were from six Large White/ Landrace hybrid sows. Each group contained seven or eight animals, and the male/female ratios were 3:5 for groups 1 to 4 and 2:5 for groups 5 and 6. Animal housing and experimental procedures were all performed according to local ethical guidelines: all experiments were performed with a UK Home Office license and were approved by the University of Bristol Ethical Review group. Sows were fed soy-and egg-free diets for at least 1 month before parturition and were housed under specific-pathogen-free conditions under negative pressure provided by HEPA-filtered air to prevent the spread of infectious agents. Infected and uninfected groups were kept in separate air spaces. The weaning ovalbumin diet contained 10.5% egg-based protein, the soy-based diet contained 10.5% soy-derived protein, and the rest of the dietary protein was supplied by 5% cereal-based protein and 5.5% protein from bovine milk. Diets were produced by Parnutt Foods, Sleaford, Lincolnshire, United Kingdom.
TGEV infection. Piglets in three groups (groups 1, 3, and 5) were infected with a dose of 2 ϫ 10 8 PFU of TGEV strain PUR46-MAD (1) at 2 days postweaning at the age of 29 days (Table 1 ). PUR46-MAD is an attenuated strain of TGEV that produces very mild or no enteritis and no mortality in conventional non-colostrum-deprived piglets. This strain grows to titers ranging between 10 2 and 10 3 PFU/g in the jejunum, ileum, and mesenteric lymph nodes and to titers between 10 5 and 10 7 PFU/g of tissue in the lung. The PUR46-MAD strain of TGEV is not found in feces in significant amounts. The susceptibility of piglets to infection by the PUR46-MAD strain of TGEV diminishes with age, being at a maximum during the first days of life.
Experimental protocol. Piglets from five sows were randomly allocated to six experimental groups, with each group containing seven or eight piglets. A summary of the experimental protocol is shown in Table 1 . Piglets were weaned at 27 days of age onto a balanced diet in which the protein source was provided by soy (groups 1 and 2) or egg (groups 3 to 6). In addition, groups 5 and 6 were injected intraperitoneally (i.p.) with 2 mg of a soluble extract of soy, prepared as previously described (2, 3), plus 2 mg of Quil A (Superfos Biosector, Frederickssund, Denmark) in 2 ml of phosphate-buffered saline (PBS). Two days later, piglets in three groups (1, 3, and 5) were infected with a dose of 2 ϫ 10 8 PFU of TGEV strain PUR46-MAD (1) . The diets of all groups were changed to a fish-based diet at the age of 54 days. Piglets in all six groups were challenged by a final injection of 2 mg of soy in Quil A (age, 68 days). Blood samples were taken by venipuncture at ages 27 (weaning), 33, 40, 54, and 68 days.
Antibody responses to TGEV. The presence of antibody to TGEV in serum was established as previously described (22a) . Enzyme-linked immunosorbent assays (ELISAs) were performed with purified TGEV (0.2 g per well) as the antigen, bound to 96-well microplates. Plate binding sites were saturated with 5% bovine serum albumin in PBS for 2 h at 37°C and then incubated with serial dilutions of the serum sample in 0.1% bovine serum albumin for 3 h at room temperature. Microplates were washed six times with 0.1% bovine serum albumin and 0.1% Tween 20 in PBS, and bound antibodies were detected by incubation with peroxidase-conjugated protein A diluted 1:2,000 in PBS with 0.1% bovine serum albumin. Color development was done with phenylenediamine dihydrochloride (Sigma FAST) as the peroxidase substrate for 15 min at room temperature. Reactions were stopped with 1.5 M H 2 SO 4 , and the absorbance was read at 492 nm. The ELISA titer was defined as the highest dilution of the serum giving a threefold increase over the background. The presence of anti-TGEV antibodies was considered confirmation that the TGEV infection had succeeded.
Antibody responses to soy and ovalbumin. Antibodies against porcine immunoglobulin M (IgM), IgG1, and IgG2 specific for dietary and injected antigens were quantified by ELISA essentially as previously described (2) . Briefly, ELISA plates (Labsystems) were coated with preoptimized concentrations of ovalbumin (5 g/ml; grade V) (Sigma) and soy (5 g/ml) overnight at 4°C. Plates were blocked with PBS-Tween plus 5% skimmed milk powder (Marvel) for 1 h, and trebling dilution series of test sera and reference sera, obtained from pigs that were hyperimmunized with ovalbumin and soy, respectively, were applied. Binding of antibodies was detected with monoclonal antibodies specific for porcine IgM (K52.1C3; Serotec), IgG1 (K139.3C8; Serotec), and IgG2 (K68.1G2; Serotec), all diluted at optimal dilutions of 1:50 in PBS-Tween, followed by 1:10,000 diluted goat anti-mouse IgG (Fc specific) conjugated to alkaline phosphatase (A1418; Sigma). Finally, pNPD (Sigma 104 phosphatase substrate) in carbonate buffer was added, and the optical density was read at the appropriate wavelength of 405 nm. The reference sera were assigned arbitrary antibody units of 1,000 (log 3) and were used to construct a standard curve. The quantities of antibody in test sera were determined by the interpolation of optical density values from all dilutions falling within the reference range. All antibody values were expressed relative to the standard.
Total IgG1 and IgG2. The total immunoglobulin was quantified by competition ELISA. Plates were coated with a 0.5-g/ml concentration of standard pig IgG (I-4381, batch 59H9001; Sigma) containing 39% IgG1 and 61% IgG2 in bicarbonate buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.5 to 9.6). After the coating step, 50-l samples of a dilution series of the standard pig IgG or of test sera in PBS-Tween were added, together with 50-l aliquots of monoclonal antibodies specific for porcine IgG1 (K139.3C8; Serotec) and IgG2 (K68.1G2; Serotec) at pretitrated limiting dilutions of 1:300 for each. The remaining steps were the same as for the specific ELISA.
Statistical analysis. ELISA data for the anti-TGEV antibody were not normally distributed and were analyzed by nonparametric Mann-Whitney tests (6) . Log-transformed anti-soy and anti-ovalbumin data were normally distributed. The time course data were therefore analyzed by a three-way repeated value analysis of variance (31) . The cutoff for statistical significance was set at the 0.05% level for the main effects and at the 0.01% level for interactions. In addition, the primary responses between days 27 and 33 and the recall responses between days 68 and 82 were analyzed by Student's unmatched two-tailed t test (6) .
RESULTS
Concurrent infection with TGEV did not affect responses to either dietary antigen. However, exposure to TGEV did have a significant effect on the response to soy antigen given i.p. with an adjuvant: concurrently infected piglets developed transiently enhanced primary IgM and persistently enhanced IgG1 antisoy antibody responses.
TGEV infection. The strain of TGEV used for this work was not observed to cause clinical signs, such as diarrhea, in any of the piglets. Table 2 shows the median antibody titers to TGEV for all six groups. In the infected groups, only 3 of 23 piglets (one piglet in group 1 and two piglets in group 3) failed to seroconvert, demonstrating successful infection. Conversely, only 1 piglet of 23 in the uninfected groups developed an antibody against TGEV, and this was transient and at a low level, probably reflecting a cross-reactive rather than specific antibody. Anti-TGEV antibody titers were significantly higher in the soy-weaned piglets (P Ͻ 0.01 for a comparison of group 1 and group 3).
Primary antibody responses to fed and injected antigens. The IgM, IgG1, and IgG2 antibody responses to ovalbumin and soy are shown for the whole experimental period in Fig. 1  and 2 . ELISA tests for specific ovalbumin antibody showed a rise in primary IgG1 and IgG2 antibody levels after weaning onto the egg-based diet for groups 3 to 6 ( Fig. 1 ) compared to preweaning levels, in contrast to no such rise for groups 1 and 2, which were fed soy protein and no eggs. The first increases in IgG1 and IgG2 antibody were not yet apparent at day 33, which was 6 days postweaning, but we observed a large increase on day 40, or 13 days postweaning. At this point, the level of IgG1 anti-ovalbumin antibody had increased approximately 100-fold over preweaning levels. It increased further to a maximum of approximately 1,000-fold and remained elevated, even after the dietary protein source was changed to fish on day 54, until day 68, although it subsequently decreased slightly by day 84. The level of IgG2 antibody showed a smaller increase of about sevenfold over preweaning levels by day 40 IgM levels for all groups increased steadily, even for those without any exposure to ovalbumin, probably reflecting a general increase in nonspecific, low-affinity, high-avidity IgM rather than a specific IgM response to the egg diet. A comparison with the level of the reference hyperimmune serum, which had been assigned an arbitrary antibody level of 1,000 (log 3), showed that the mean IgG1 and IgM responses to the diet were about 10% of the levels in hyperimmune serum and the IgG2 response was about 1%. Similarly, weaning onto a diet containing soy resulted in antibody levels that were higher than those in the preweaning period and those for groups 3 and 4, which were not exposed to soy: there was an approximately twofold increase in both serum IgG1 and IgG2 antisoy antibody between days 27 and 40 (Fig. 2) . As was the case for anti-ovalbumin antibody, antisoy IgM increased both in animals fed soy and in animals fed eggs (Fig. 2) . The time course of the response to dietary soy was more rapid than the response to the egg-based diet and was already apparent at 6 days postweaning. A comparison with antibody levels found in the hyperimmune reference serum (log 3) showed that the responses to dietary soy were considerably lower, especially for IgG2. TGEV infection had no significant effect on primary responses to either dietary ovalbumin or soy antigens.
Like the response to dietary soy, the kinetics of the primary IgG response to injected soy were also rapid and apparent 6 days after the injection. This primary response to injected soy antigen in Quil A adjuvant resulted in an approximately threefold increase in serum IgG1 by day 40. However, the isotype pattern of the response to injected soy was different from the response to dietary antigen, in that the level of IgG2 antisoy antibody did not increase after immunization (approximately 0.8-fold change by day 40). The only evidence for an IgG2 antibody response to injected soy was a comparison of the injected groups 5 and 6 with soy-naïve piglets in groups 3 and 4, in which the level of IgG2 antisoy antibody declined rapidly (approximately 0.2-fold change over the same time period).
Although TGEV infection did not affect the primary responses to fed antigens, the IgG1 and IgM antibody responses The mean log antisoy IgM on day 33, at 6 days postinjection, was 2.708 for the TGEV-infected group 5, compared to 2.047 for uninfected group 6 ( Fig. 2a and b ; P Ͻ 0.05). Figure 3 shows the log change in antisoy antibody levels for individual piglets between days 27 and 33 (the mean change in the antisoy IgG1 level for infected group 5 was 0.656 and that for uninfected group 6 was 0.174; P ϭ 0.017). Secondary antibody responses to i.p. challenge in tolerant and primed animals. Figure 4 shows the log change in antisoy antibody levels between 68 and 82 days in response to an i.p. challenge at 68 days in individual piglets. Figure 4a and b show that feeding induced isotype-specific oral tolerance in both TGEV-infected and uninfected groups (P ϭ 0.001), in that there were clearly decreased IgG1 responses to immunization in the animals that were previously fed on soy diets (groups 1 and 2) compared to the groups weaned onto an egg-based diet (groups 3 and 4). This induction of oral IgG1 tolerance was not affected by TGEV infection. In contrast to the effect of prior feeding on IgG1 responses to immunization, there was no significant effect of any of the treatments at weaning on IgG2 responses after i.p. challenge ( Fig. 4c and d) .
In contrast, TGEV infection around the time of weaning did affect the secondary IgG1 response to soy in animals which were primed by an i.p. injection of soy at weaning ( Fig. 4a and  b ). Only uninfected group 6 showed the expected increase in antibody level after the challenge, whereas the TGEV-infected group 5 did not (P ϭ 0.047), despite the more vigorous primary response by this group.
Total immunoglobulin. Figure 5 shows the total IgG1 and IgG2 levels for all groups. The levels of total IgG1 rose from mean values of about 2 mg/ml at the point of weaning to values of 4 to 7 mg/ml at day 82 for all groups. There was a trend towards lower IgG1 levels in the infected groups during the later phase of the experiment; however, due to the high level of between-pig variation, these were not significant. In contrast to the rising IgG1 levels, IgG2 levels fell for all groups of piglets during the postweaning period, from a mean of 6.6 mg/ml to a mean of 2.8 mg/ml at day 82. There were no significant differences between infected and uninfected groups.
DISCUSSION
The two antigens used in this experiment were ovalbumin, an antigen which is not normally fed to sows, and soy, which is extremely likely to have been fed to the sows before the experimental period. This difference may be relevant, since unlike the case for humans, the placenta of the sow is not permeable to macromolecules, including antigens and immunoglobulins; however, the transfer of maternally derived antigens and antibodies of all isotypes can occur during the immediate postpartum period via the colostrum (25) . Consistent with this, the decline in absolute levels of total IgG2, as well as specifically of antisoy IgG2, observed in piglets without any exposure to soy antigen after weaning suggests strongly that this may be in fact due to a decline in antibodies of maternal origin, either derived directly from milk or colostrum.
Importantly, responses to neither dietary antigen were affected by a concurrent infection with TGEV. This lack of effect included both the primary responses at weaning and the subsequent induction of oral tolerance. Thus, within the limits of the experimental design, our results suggest that TGEV is unlikely to cause inappropriate responses to dietary antigens when given as a vaccine vector or when occurring as a subclinical infection.
However, exposure to TGEV did have a significant effect on the response to soy antigen given i.p. with an adjuvant. Concurrently infected piglets developed transiently enhanced primary IgM and persistently enhanced IgG1 antisoy antibody responses. Paradoxically, these same piglets developed lower antibody responses upon a secondary challenge by i.p. injection than did the uninfected group. Three possibilities may account for this observation. First, the initial primary response in the presence of TGEV may have resulted in the preferential differentiation of high levels of effector cells (plasma cells and effector T cells) rather than the differentiation of memory T and B cells. Second, the response to the challenge may have been limited by the level of preexisting antibody; thus, the presence of more antibody in the infected piglets after primary immunization may have inhibited the secondary response (12, 15) . Third, the secondary response may be limited to an absolute maximum: this might be suggested by the observation that final antibody levels in both groups were similar at the end of the experiments.
Therefore, the results suggest that a concomitant viral infection or the use of a viral vector to generate mucosal responses may act as a nonspecific adjuvant and enhance primary responses to systemic bystander antigens. Further, our results suggest that delayed effects on immune responses may also occur, as we observed a tendency towards lower total IgG1 levels in the later phase of the experimental period for infected animals. However, an interpretation of the mechanisms of these effects requires further investigation.
In addition to highlighting the impact of a TGEV infection at the point of weaning, this experiment revealed several other interesting effects. First, the decrease in IgG2 antisoy antibody after weaning for the group weaned onto an egg diet and not immunized and in total IgG2 for all groups suggests the decay of maternally derived (either via colostrum or milk) antisoy antibody. The more rapid kinetics of the response to fed soy than to fed ovalbumin may also suggest that the transfer of an antigen capable of priming the neonatal immune system had occurred before contact with a homologous antigen in the novel diet (25) . Second, there was a difference in the ability of prior feeding to cause tolerance of IgG1 and IgG2 antibody FIG. 4. Changes in antisoy IgG1 and IgG2 levels between days 68 and 84 in individual piglets after an intramuscular challenge with soy plus Quil A. Significant differences (P values were obtained by Student's unmatched two-tailed t test) between groups are linked by horizontal lines. VOL. 11, 2004 TGEV AND CONCOMITANT IMMUNE RESPONSES 341 on October 10, 2017 by guest http://cvi.asm.org/ responses after immunization. This effect could be attributable to a difference in Th1 or Th2 dependence of the two isotypes: several previous studies in mice have demonstrated an easier induction of Th1 tolerance by feeding (13) . However, the Th dependence of IgG isotypes has not been demonstrated with pigs. Equally possible is the notion that IgG2 antibody responses to systemic challenge may be more variable between animals. The two observations together might suggest that initial IgG1 and IgG2 responses occur to antigens fed to piglets at weaning but that the ability to produce diet-specific IgG1 antibody is subsequently downregulated as the pigs become tolerant, with the result that, as adults, IgG2 antibody to dietary antigen is the predominant isotype which is transferred to the next generation of piglets. This implies that the consequences of early life exposure to dietary antigens are extremely long lived and may affect the immune response of the next generation. The long-term persistence of maternally derived antibodies to dietary soy for over two generations has been observed for other species (16) . The question of the effect of transfer of different levels of antifood antibody of different isotypes on the subsequent immune response of the offspring needs to be addressed. Future work could address this by using ovalbumin as a tolerogenic diet with or without the administration of antibody and/or antigen at weaning to investigate the effect of maternally derived antibody and/or antigen. In addition, a study using infection with a more virulent virus would also be interesting. 
